Abstract. This article reviews some new ultrasonic rail inspection methods emerging in recent years. It focuses on the state of the art for guided wave technologies and their potential use for used for rail inspection. It considers ultrasound transduction options including EMATs, air coupled, pulsed laser and wheel probe guided wave methods. It compares performances in terms of frequency ranges, energy delivered, ultrasonic wave modes excited, sensitivity, potential speeds of inspection, inspection regions, transducer angle and positioning. The advantages and disadvantages of each transduction modality for possible use in high speed railway are discussed. It is concluded that an EMAT and laser method, or their combination has the potential to provide a new tool for higher speed rail in-service inspection.
INTRODUCTION
For about 160 years, steel rails have been at the heart of the world's railroads. The rails operate in a harsh environment and failure can lead to catastrophic loss of life and significant costs for operators. An overview of the various types of rail defects, as well as inspection technologies was provided by Cannon et al. [1] . The subject of rail defects and inspection is also considered by all rail operators, and every rail system operator makes reference to rail defect handbooks and manuals [e.g., 2, 3] .
Operation of trains on rails can introduce several forms of stress and the loads experienced can cause fatigue and growth of defects [1, 2, 3] . With increased use of high speed trains and a desire to improve safety, particularly with hazardous material transport, rapid and effective detection of defects in rail is an increasingly important issue. This need has been highlighted by several major derailments of trains which have occured in recent years.
Inspection is a critical aspect of the operation of a rail network. The various NDT technologies currently employed are summarized in Table 1 [4] [5] . Rails are commonly examined visually and also using ultrasonics for detection of internal defects, especially in the rail head and web areas. Ultrasonic testing commonly uses piezoelectric transducers that are coupled to the rails with fluid-filled wheels or sleds. In this kind of system, several ultrasonic transducers are located at the top of the rail head inside a fluid-filled wheel. They can be oriented at 0° from the surface of the rail head to detect horizontal cracks and at 70° to detect many types of transverse cracks. Such inspections have been implemented using hand-pushed carts and in vehicle based systems. These methods do have several drawbacks [6] [7] [8] [9] , most significantly the limited inspection speeds. Typical operational speeds are between 40 and 70 km/h, and a new generation of units is seeking to operate at speeds up to 100 km/ h. However average operating speeds are often much lower, especially in North America, where, when an indication is detected, there is a requirement for immediate manual verification of defects and potential repair or removal is undertaken. In these circumstances average speeds may be as low as 15 km/ h [1] . Placing vehicles operating at low speeds onto track will cause an unavoidable disruption of the normal train timetable, particularly when high speed trains are being used.
From a technical perspective, there are further challenges faced by the ultrasonic NDT testing and these include issues relating to shallow crack shadowing, where small shallow cracks can cast a "shadow," or dead zone, that potentially limits detection of more severe cracks by reflecting the ultrasonic beams, hence preventing the detection of deeper defects. There is also the challenge of an automated system which gives a "false" call, where there is a report that of defect, which proves not to be there when a hand inspection for defect verification is performed.
Historically, a lot of work has been performed to investigate and improve traditional ultrasonic rail inspections, such as using neural networks to improve identification of defects [10] , and using ultrasonic phased arrays to improve the flaw imaging [8] . However, the improvements made to conventional ultrasonic methods cannot overcome their inherent shortcomings, which include limits to inspection speeds, shallow crack shadowing, and false calls. In order to overcome these limitations various new methods have been investigated, including using ultrasonic surface and guided wave. These approaches have shown some promise [9, [11] [12] [13] . Guided and surface waves can be set to propagate along rather than across the rail, and are thus ideal for detecting critical transverse defects. In addition, guided waves are less sensitive to surface shelling because they can run underneath these discontinuities. Finally, guided waves propagate at the speed of sound in steel (typically more than 3,000 m/sec) and thus offer the potential for extremely high inspection speeds. The major challenge then becomes providing systems with the sensors and electronics needed for transmission and reception for the ultrasonic waves that also provide both adequate sensitivity and transduction speed.
There are several technologies that can be used to transmit and receive ultrasonic waves, and these include: EMATs for the guided wave methods [9] , air-coupled, including with a resonant methods [11] , combined air-coupled and a pulsed laser methods [12] , and wheel probes (single element or phased array) for guided wave methods [13] . A schematic of the different methods is shown in Fig. 1 . This paper reviews the state of the art for guided wave technologies used for rail inspection. It considers them as options and with the capabilities of the various transduction modalities including EMAT's, air coupled, pulsed laser, and wheel probe, all for guided wave methods. It compares performances in terms of frequency ranges, energy delivered, ultrasonic wave modes excited, sensitivity, potential speeds of inspections, inspection regions, positioning and transducer angle. The advantages and disadvantages of each transduction modality are consider in the context of possible use in NDT vehicles for applications to high speed railway networks and higher speed inspection are reviewed.
Comparisons of Different Transduction Modalities
A major challenge for rail inspection is to provide transduction modalities that can be used with the inspection unit traveling at or near permissible speeds for trains on a given track. Goals have been set to achieve 100km/h (or even higher). To achieve such seeps, with guided waves induced in the rail, attention has turned to look at non-contact methods.
Energy Transduction
Ultrasonic inspection requires coupling of the energy into a part to cause elastic waves in the rail. This can be achieved in several ways. One approach, which has been applied in several industries including pipeline in-service inspection units and this is a wheel probe [14] , as shown in Fig 1. The wheel typically uses a transducer which can be a single element, multiple elements or a phased array, mounted near the axle and incorporating a soft polymer or oil filled soft tire. In some implementations a fluid jet is used to provide a water film to improve wheel/part coupling. These transducers can generate various wave modes in a rail, including guided waves. With such a wheel probe, guided waves may be produced by selecting the appropriate angles of incidence and frequencies for excitation and propagation along the rail. With a stationary transducer, waves are produced that propagate along the rail covering a few meters from each inspection position. With a rolling probe, it is possible to perform pulse-echo inspections. There are issues with regard to maintaining coupling, particularly at higher inspection speeds, which has caused researchers to look at the feasibility of employing other non-contact transduction methods [9, [11] [12] .
An electromagnetic acoustic transducer (EMAT), generates ultrasound in an electrically conducting or magnetic sample using the Lorentz force or a magneto-elastic mechanism [15] , is shown in Fig 1. The EMAT is a non-contacting device, but it must be placed close to the rail and it interacts with the metal, to generate ultrasonic waves, through the electromagnetic coupling. When generating guided waves in a rail, the operating frequency and wavelength are set by a combination of the excitation electronics and the physical geometry of the permanent magnet or a meander-line coil. A powerful tone-burst of current with fixed frequency is used to excite the EMAT and to produce a guided ultrasonic or other wave in the part.
With air-coupled ultrasonics, a transducer is used to excite a compression wave in the air which then impinges on and couples energy into the rail [11] . The applied acoustic wave field generates the ultrasonic waves, as shown in Fig 1. Air-coupled ultrasonics has the benefit that it can be set well above the part being inspected. Recent advances in both electronics and the transducers, including new acoustic matching layers, have provided technology with larger dynamic range, and when used with metals, much improved signal to noise ratio. These advances have now made air-coupled methods potentially attractive for rail inspection.
Laser based ultrasonics provides both standoff generation and detection [16] , as shown in Fig 1. A pulsed laser is used to form an ultrasonic source on the part surface. When a laser is focused onto the surface of an elastic solid, there is rapid local heating and some of the energy will be transferred into an elastic stress wave. This wave will then propagate into the part as an elastic wave. The nature of the ultrasonic waves can be controlled by the geometry of laser beam and part material properties. Such units can provide high frequency broadband ultrasonic signals.
Laser systems can also be used to measure surface displacements and act as detectors.
Frequencies and Ultrasonic Wave Modes
In an example of the wheel probe guided wave method, a local immersion probe operated in pulse-echo mode was used that consisted of an 8 element transducer array (65 mm wide, center frequency 250 kHz) angled at 30° in a casing filled with water [13, 17] . The array elements were effectively all connected together such that the array acted like a wide monolithic probe to allow the excitation and reception of waves nearly across the full width of the railhead. The excitation signal was a 5 cycle Hanning windowed tone burst with a center frequency of 200 kHz, at which there exists a suitable surface wave mode with a sufficient penetration depth.
An EMAT can be used to produce both surface (Rayleigh) and guided waves in rail. These waves propagate along and near the surface of the rail, and with Rayleigh waves they are penetrating to about 1.5 wavelengths into the part, which would be 18 mm at 250 kHz. Reflection (pulse-echo) and transmission inspections can be performed. A 'pitch-catch' low frequency ultrasonic guided wave technique has been used to detect and size transverse cracks in the rail head [9, 15, [18] [19] [20] . The frequency range used is between 50 and 600 kHz, and using an FFT, the amplitude data is measured at 400 kHz. In reflection, the ultrasonic response is proportional to defect size, which for a transverse crack is its cross-sectional area. With pulses in transmission, crack depth can be estimated by comparing the surface wave, at a particular frequency, that has passed underneath the crack with that which propagates through a defect-free region. For air-coupled inspection using ultrasonic bulk waves, a pitch-catch resonant method has been used [11] . For the rail head in through-transmission, the resonant frequency is 866 kHz, for the rail web, the resonant frequency is 942 kHz and for the head flange the frequency is 943 kHz. In pulse-echo, 800 kHz is used vertically for the head [11] . Air-coupled ultrasound is also being investigated for both detection and reception in pulse-echo and transmission.
To overcome the issues relating to the relatively long pulse propagation speed in air, laser generation and reception, and laser-air-coupled hybrid rail inspection systems are being considered. For example a pulsed Nd:YAG laser operating at 1,064 nm with a pulse duration of 8 nsec has been used to deliver a 40 mm-long line beam through conventional optics onto the rail head [12, [21] [22] . The line source is known to effectively generate directional and broadband ultrasonic guided waves propagating perpendicular to the source. This source can effectively generate frequencies as high as a few tens of megahertz. The air-coupled transducers with broadband response from DC to 2MHz range are used to detect the waves. Signal analysis indicates that most of the energy is in the 100 to 700 kHz range, with a dominant frequency around 200 kHz, in which specific frequencies of 210 kHz, 425 kHz and 600 kHz were used to find the crack depths. Data show 5 mm and 7 mm deep cracks reflect energy mostly at 200 kHz. The smallest 1 mm crack reflects energy primarily at 600 kHz. It is expected that smaller flaws are sensitive to higher frequencies.
Receiver Sensitivities
The various transduction modalities have different conversion efficiencies and detection sensitivities [23] [24] [25] . In the 0.5-1.5 MHz frequency band, the absolute limit of a non-contact receiver in air can approach 
Inspection Speed and Limitation
Existing rail testing trains typically achieve inspection speeds between 40 and 100 km/h. However, as the speed increases, the system's sensitivity and resolution deteriorates significantly [4] . Such degradation of performance and desire to achieve higher operational speeds is driving the need to look at alternate inspection approaches, such as through the use of guided waves.
Surface and guided waves in rail steels propagate at about 3,000 m/s. If one considers the current manual methods employing a wheel probe and a guided wave method theoretically, inspection speed is determined by the pulse repetition rate and the distance along the rail covered by one inspection or that covered by the propagation of wave in a particular time. For a 100 Hz pulse repetition rate and 1 m inspection zone length, the speed of movement for the inspection head could potentially reach 100 m/s, which is 360 km/h. Because the velocity of surface waves (c~3000 m/s, 10,800 km/h) is much greater than the speed of the trains (less than 400 km/h), the effect of a train's motion during is no longer the limiting factor in an inspection.
There are several options for implementation guided waves. A wheel-probe based guided wave method has been developed by Cawley at Imperial College London, and the transducers can potentially be deployed with the inspection units already deployed and using current inspection methods [26] . Its speed of inspection for such a system should be able to reach that of the current in-service conventional ultrasonic rail testing system, which operates at up to 70km/h.
With an EMAT system, the speed of the guided waves is clearly also much greater than that of the train. It then becomes a matter of considering the velocity of propagation of the EMAT along the rail and the separation of the EMAT's, which constrain the transmission inspection range/volume, and the pulse repetition frequency of the inspection system. With a two-EMAT system set axially linearly along the part and an inspection zone between the two, the pitch-catch measurement enables rapid detection of the deepest, potentially most serious transverse cracks. Advances in data acquisition and analysis allow extremely fast processing and defect characterization of the data in the transmitted signals, again potentially enabling increases in the vehicle speed during testing. The potential vehicle speed improvement is achieved through moving the analysis from software to field-programmable gated array (FPGA)-based hardware systems. Current systems detect signals and perform an Fast Fourier Transform (FFT) and changes in the detected signal amplitude and frequency content are used to characterize defects. The speed limitations are determined by the repetition rate of the pulse (PR) and the distance between the transmitting EMATs and the receiving EMATs (d). The vehicle speed can then be estimated using the relationship:
For example, with a pulse repetition rate of 50 Hz and a train travelling at 200 km/h, the minimum separation of the EMATs must be approximately 1.1 m [15] .
For air-coupled ultrasonics, a potential resonant measurement vehicle inspection speed along the rail is limited by the generation pulse repetition rate and the number of averages needed for improvement of SNR. [11] The well known relationship between the duty cycle (DC), the length of the generation tone-burst (T) and the pulse repetition rate (PR) can be written as
. From this relationship, if the number of cycles (C) in the tone-burst which is introduced, an expression for the maximum measurement rate (MR) corresponding to a given number of signals averaged (A) with a 1% duty cycle the limits can be written as:
where f is the frequency of the tone burst. The equation above represents an ideal case assuming that processing for the signal averaging and quantification of the measurement parameters is performed in real time. It is important to note that while the inspection speed benefits from a low number of averages and a low number of cycles in the tone burst, the SNR for air-coupled ultrasonic measurements is improved with averaging and longer pulse length.
Assume that the inspection is implemented with a single pair of transmitting and receiving transducers with a diameter aperture D. The maximum measurement rate can be translated into the limits for inspection vehicle speed, and assuming that the inspection gage length for each measurement is D (the diameter of the air-coupled transducer active area), and its footprint on the rail and (v) is the velocity for the inspection system traveling above the rail:
For the example of a system where the parameter A = 3, C = 40, f = 0.866 MHz, DC = 1%, D =10 mm, air-coupled testing can be achieved at maximum measurement rate MR of 72 Hz and maximum inspection speed, v, of 2.6 km/h. With no averaging, speeds can reach 7.8 km/h for rail head resonant inspection, 11.3 km/h for the rail web and head flange resonant inspection, and 9.6 km/h for the head flange pitch-catch inspection [11] .
For air-coupled ultrasonics using transducers set above a rail with a lift-off distance for the transmitter and the receiver on the order of 15 mm, and the maximum thickness of rail was 67 mm, the time for sound traveling from the transmitter to the receiver was When based on a 1 % duty cycle the limit for the pulser gated amplifier indicate that the maximum inspection speeds achievable by air-coupled experimental configurations are within the speed range of conventional rail testing cars, assuming a lock-in amplification is used. The speed limit results from the number of signal averages and length of the generation tone-burst required to yield a consistent measurement parameter. It can be expected that narrowband, rather than broadband, air-coupled transducers (such as piezoelectric-composite devices) tuned at a resonant frequency would further increase the achievable inspection speed by improving the sensitivity of the measurements. Transducer arrays, rather than a single transmitter-receiver pair, could be used to facilitate increased inspection speeds. In such measurements there are geometric constraints. There is limited tolerance of the measurements to transducer misalignments, so stability of the measurement system must be taken into account for field implementation of the technique.
In principal, air-coupled ultrasonics could be used to generate guided waves in a configuration similar to that used with a wheel transducer. However, air-steel coupling is found to give relatively poor signal to noise. To overcome this limitation and yet still provide non-contact inspection, a laser-air-coupled hybrid rail inspection method using guided and/or surface waves has been considered [12, [21] [22] . Such a system is potentially able to achieve inspection speeds higher than conventional ultrasonic methods requiring contact with the rail. The actual speed limitations for this non-contact approach are set by the repetition rate of the laser employed and the distance between the air-coupled sensors [12] . With a 20 Hz repetition rate for the laser and 400 mm for the distance between the air-coupled sensors, in a geometry as shown in Figure 2 , the inspection speed can be calculated to be:
Inspection configuration for a laser-air-coupled rail inspection system [21] .
In this laser-air-coupled hybrid rail inspection system [21] , in order to effectively remove the noise and make signal identification possible, the signal was reconstructed by the digital wavelet transformation (DWT) processing with a threshold set at 40% of maximum coefficient amplitude. When the system performance was reviewed it was seen that the speed of inspection was limited by the time required for signal processing.
The laser-air-coupled hybrid rail inspection system is reported to have performed well at up to the 14.5 km/h permitted on the Herzog test track, although with a decreased position resolution at higher speeds. Tests at speeds up to 24 km/h have been reported to have been performed in the field, although higher speeds are possible. Although there would appear to be potential for modifications to the system hardware that could be made to achieve robust performance at higher speeds, the maximum speed potentially achievable reported with the current design [21] is on the order of 64 km/h.
Positioning and Angle
Each implementation requires a fixture and transducers set at specific angles. In wheel probe guided wave method, the probe was angled at 30° to the rail in a casing filled with water and contacting samples with a 60 mm wide and 25 mm long contact patch that matched the impedance of water [26] .
In the EMAT system, the transmitter and the receiver are held a fixed separation and kept at a fixed lift-off by the use of a trolley. A separation of 150 mm and a lift-off of 1.5 mm have been chosen for the experiments reported in the literature [9] . For online testing applications, the separation of the EMATs may potentially be increased to enable faster scanning speeds, however the signal amplitude will be reduced.
In the air-coupled resonant ultrasonic method, the transducers are placed on an axis perpendicular to the side surfaces of the rail and the lift-off distance for the transmitter and the receiver were of the order of 15 mm throughout the measurements. When compared to optimal alignment conditions for 15 mm lift-off distances, misalignment angles, for either the transmitter or the receiver, of up to three degrees resulted in a 70% reduction in the signal strength detected [11] .
In the laser-air-coupled hybrid rail inspection system, the air-coupled transducers were oriented at 0°, 6.3°, and -6.3° per the Snell's law of refraction with a 50.8 mm to 76.2 mm lift-off distance from the top of the rail head, satisfying the recommended clearance envelope for rail inspection systems claiming "non-contact" performance. However the signal-noise ratio for high-frequency waves was significantly reduced due to losses during propagation in air [12, 21] .
Inspection Regions
For the wheel probe surface wave method, the depth of inspection is at least 1.5 wavelengths (18 mm at 250 kHz) with the pulse-echo mode [13] , the laser-air-coupled hybrid method inspects 2-10 mm [21] [22] and the EMAT method inspection depth is 2-15 mm with pitch-catch mode [9] .
In the air-coupled ultrasonic resonant method, inspection regions are the rail head, head flange, and rail web with ultrasonic bulk waves, which are similar to those regions inspected with conventional ultrasonic NDT. With the EMAT, the wheel probe surface wave and laser-air-coupled hybrid method, the goal for the studies was to provide more reliable defect detection in the rail head, including detection of internal transverse head defects under shelling and vertical split heads. It has been found that in the work reported to date that due to the different intensity and bandwidth of the excited signals used in the three methods, the reported inspection regions are not identical, which limits direct comparisons.
Demonstrated Probability of Detection (POD)
There is limited data available on the performance of the various NDE modalities for inspections on rail. An example of the reported POD for current manual NDT is shown in Fig 3. [3, 27]. When the probability of detection (POD) for the various modalities for higher speed guided wave inspection are considered, very limited data are available. For the laser-air-coupled hybrid rail inspection system, in dry conditions POD is reported to reach 61.5% for defects in the form of surface cut's, larger than 2% of the head area, and 92.3% for internal defect; in wet conditions, POD was reported to reach 90% for surface cut defects more than 2% head area and 92.3% for internal defect [21] [22] . The data as obtained was reported for field tested at speeds of up to 15 km/h. The test track included three different sizes of internal head defects (3.5%, 35%, and 12% head area), two sizes of transverse surface head cuts (2% and 5% head area), and one oblique surface head cut (3.5% head area). The results of the tests were reported to indicate a high POD for all defects present, ranging from a 75% to 100% success (POD) rate over 24 runs conducted with varying environmental conditions, including with wind and rain [21] [22] . These POD data are summarized in Table 2 .
For the EMAT and wheel probe guided wave methods, no detailed data for PODs was found to have been reported, but images of some defects were found to have been presented in several papers [9, 13, 15, 17, 19] . Based on review of the data in the images for the defects, it is probable that a POD of about 70% was be achievable for significant indications. 
Advantages and Disadvantages of Various Inspection Modalities
The wheel probe guided wave method is the closest to current capabilities and can be easily incorporated into reconfigured conventional ultrasonic testing systems. Issues relating to mechanical robustness and ensuring coupling remain the same as for existing equipment. In terms of deployment, it has the advantage of relatively low cost/investment for a modified system, but it still has the drawback of low inspection speed.
The EMAT based method has the advantage of being relatively insensitive to misalignment and surface profile when compared with contact transducers. EMAT's can work at standoffs of a few millimeters and it requires no physical couplant, but the standoff distance reduces signal strength. If the standoff is too small there is the risk of impacts between sensors and perturbations on the rail surface. Changes in detected amplitude due to changes in standoff can be compensated for in signal processing applied to the spectrum of received signal. The bandwidth of guided waves generated by EMATs can also be controlled.
The air-coupled resonant method has the advantages of eliminating the requirement for contact conditions. It has ease of positioning and flexibility for the operating parameters. The severe challenges associated with air-coupled resonant and direct coupling in or out of ultrasonic energy for rail testing include the acoustic signal losses (attenuation) in air and, more importantly, the large acoustic impedance mismatch between air and steel, which results in small signal amplitude and very low signal to noise ratio.
The hybrid laser-air-coupled rail inspection system, with an optically generated line source perpendicular to the rail axis, is less impacted by surface profile. Another advantage is that controllable laser pulse intensity can produce high intensity ultrasound with controlled frequency content that is capable of penetrating the rail surface. One significant disadvantage is the low laser pulse repetition rate which has the effect of limiting the inspection speed. There are also issues relating to the source bandwidth, and receiver sensitivity that both contribute to the low signal to noise ratio.
